According to ASTM D6584, the free and bound glycerin content affects the quality of biodiesel during storage in an engine's fuel system [5]. If the free glycerin content is too high, it can partition from the biodiesel as a separate phase. This phase will attract other polar contaminants, such as water and possibly monoacyl glycerides. This viscous mixture will collect at the bottom of fuel storage tanks and, if drawn into an engine, will cause immediate engine shutdown due to filter plugging. High levels of total glycerin, usually associated with excessive bound glycerin, are most commonly caused by high triacylglycerides or high monoacylglycerides.
Background
As defined by the American Society for Testing and Materials (ASTM) specification ASTM D6751 [1] , biodiesel is a fuel comprised of mono-alkyl esters of long chain fatty acids (FAs) derived from vegetable oils or animal fats. In Europe, the applicable standard is EN14214, and biodiesel is identified specifically as a FA methyl ester [2] . Biodiesel is currently the most widely used supplement for petrodiesel. Depending on the feedstock for biodiesel production and the conditions of fuel production, some intermediate reaction products and other chemicals may become contaminants in the fuel if not handled properly. These contaminants can cause operational problems and degrade biodiesel fuel quality.
Contaminants in biodiesel include those that are specified in ASTM D6751 and EN14214, and some that are not specifically mentioned. The former includes byproduct glycerin and the unreacted intermediate products monoacylglycerides and alcohol, as well as water, sulfur, phosphorus and the alkali salts of sodium and potassium; the latter includes sterols and sterol glucosides (SGs), microbial sediments and foreign materials introduced during processing (e.g., in dry washing).
To ensure fuel quality, these contaminants need to be detected and closely monitored. Natural antioxidants in biodiesel are typically not considered to be contaminants because they positively affect the oxidative stability of the biodiesel.
The analytical procedures specified in ASTM D6751 and EN14214, methods for determining the levels of fatty esters and other aspects related to the characterization of biodiesel and its quality, have been previously reviewed [3, 4] . This article will review the significance of production-related and/or naturally formed contaminants in biodiesel and the analytical methods used for determining such contaminants.
di-and tri-acylglycerides are determined by comparing against the standards of mono-, di-and tri-olein, respectively. The GC column should be 10 or 15 m in length, with a 0.32-mm inner diameter, and coated internally with a 0.1-µm thick film of 5% phenyl-polydimethylsiloxane, bonded and cross-linked phase. The column has to be capable of being operated to at least 400°C. A 2-5-m length, 0.53-mm inner diameter, high temperature guard column is recommended for use with autoinjectors and also for extended column life. A flame ionization detector (FID) is used.
EN14105 is also based on early work from 1995 by Plank and Lorbeer, but is calibrated by different standards [9] . The total glycerin content is still calculated from the individual results of free glycerin and acylglycerides. The detection limits, as specified in EN14105, are 0.001% for free glycerol and 0.1% for each of the mono-, di-and tri-acylglycerides. It is specifically indicated that this method is suitable for FA methyl esters prepared from rapeseed, sunflower, soybean, palm, animal oils and fats. As with ASTM D6584, the procedure is based on transforming glycerin and acylglycerides into silyl derivatives using pyridine and methyl-N-trimethylsilyl-trifluoro-acetamide. As with ASTM D6751, the GC set-up includes a short capillary column with thin film and FID detector. The internal standard is 1,2,4-butanetriol, and standard solutions of glycerin, and mono-, di-and tri-nonadecanoates, are used for calibrating for mono-, di-and tri-acylglycerides, respectively. Both ASTM D6584 and EN14105 are not applicable for determining the methyl esters of some plant oils, such as coconut and palm kernel oils, due to the lack of adequate separations of some laurates.
The GC-FID-based method for acylglyceride determination in biodiesel is generally considered to be simple in operation, adequate in precision, and affordable [11] [12] [13] [14] . It is now the standard method used by the biodiesel industry and research community. A number of alternative ways for analyzing acylglycerides in biodiesel have been explored by researchers, starting from a similar time frame as the GC-FID method.
In the early 1990s, an enzymatic procedure was developed to determine the total glycerin content in biodiesel with nondifferentiation of mono-, di-and triacylglycerides [15] . Later on, GC-mass spectrometry (GC-MS) methods were proposed [16, 17] . Following this, other alternative methods included size exclusion chromatography [18] , high-performance liquid chromatography (HPLC) with an evaporative light scattering detector [19, 20] and HPLC-refractive index detector [21] , HPLC-MS [22] , rapid separation LC [23] , gel-permeation chromatography with a refractive index detector [24] and nonaqueous reverse-phase HPLC with a UV detector [25] .
Key terms
Fourier transform infrared-attenuated total reflectance: Spectroscopy that combines the techniques of fourier transform infrared spectroscopy, a fundamental tool for determining the functional groups among organic molecules, and the attenuated total reflectance, a particular type of reflection geometry of which the infrared beam is reflected through a crystal.
Acid number: Also known as acid value, this is an indication of the acidity of a fuel. In the biodiesel field, it reflects the free fatty acids present and/or residual mineral acid, such as sulfuric acid, which is used as the catalyst in esterifying the high free fatty acid feedstocks. The acid number or acid value is expressed as milligrams of potassium hydroxide used in titrating 1 g of fuel sample. Non-GC or HPLC-based methods have been proposed, such as a high-temperature metal MXT ® -Biodiesel TG columns with a built-in retention gap [26] and ion chromatography with pulsed amperometric detection [27] . Other procedures have also been attempted. Lourenco and Stradiotto developed a method based on the electro-oxidation of glycerin on platinum electrodes by the potential cycling technique to detect free glycerin in biodiesel [28] . It is claimed that the method is rapid and inexpensive, and provides good linearity for a range of 15-150 mg/l. A volumetric method was modified from the American Oil Chemists' Society (AOCS) Ca 14-56 procedure to determine free and combined glycerin, and is claimed to have a very high precision and repeatability [29] . This method is not limited by the incompatibility of some components in biodiesel as with the GC-FID ana lysis; however, it does not detect individual mono-, di-or tri-acylglycerides.
An electro-enzymatic methodology was developed for the determination of free and total glycerin in biodiesel using an oxygen electrode [30] . This method is based on two coupled enzymes. The oxygen consumed by enzymatic conversion of glycerin is measured amperometrically to correlate with the concentration of glycerin. This electro-enzymatic method is said to provide good correlations with GC yet is less expensive. Silva et al. developed a spectrofluorimetric procedure based on the oxidation of glycerin by periodate [31] . After the free glycerin was extracted offline, total glycerin was converted to free glycerin by saponification with sodium ethylate under sonication. Therefore, free and total glycerin could be sequentially determined.
Starting in 2011, ASTM D6751 allows AOCS standard procedure Ck 2-09 to be used as an alternative method for determining free and total glycerin contents in biodiesel [32] . The AOCS Ck 2-09 is a procedure to rapidly determine a variety of properties of biodiesel, including the free and total glycerin contents, using a vendor-specific infrared spectrometer. The method is applicable to homogeneous B100 samples derived from animal, vegetable and/or waste feedstocks. The procedure involves the use of a fourier transform infrared (FTIR)-attenuated total reflectance system combined with a proprietary database of calibration algorithms managed centrally by the Quality Trait Analysis (QTA) system. It is claimed that the QTA system method can also perform analyses on moisture and acid number. Currently, however, determination of free and total glycerin contents, cloud point and methanol are the only properties measureable with the QTA system that are accepted by ASTM D6751. Due to its broad applicability, the FTIR-attenuated total reflectance-based method could become widely accepted by the biodiesel industry in the future and may replace the GC-based method for determination of free and total glycerin.
Significance of plant sterols on biodiesel fuel quality Biodiesel produced by transesterification of plant oils and animal fats may contain small amounts of unreacted mono-or di-acylglycerides of saturated FAs. These compounds have high melting points and very low solubilities in biodiesel. These high-melting components can cause engine fuel-filter plugging [33] . In some cases, filter plugging has also been found to be caused by plant sterols and their derivatives in biodiesel [34, 35] . SGs, also known as steryl glycosides or steryl glucosides, have been found to be a major cause of these problems.
Sterols occur naturally in all plants. Free sterols act to stabilize the phospholipid bilayers in cell membranes. There are more than 200 different types of plant sterols that have been reported [36] , but only about ten are commonly found in vegetable oils. The most common sterol found in plants is b-sitosterol. Other common plant sterols include stigmasterol, campesterol, brassicasterol and avenasterol. Plant sterols also exist in four conjugate forms: SGs, where the 3b-OH group is glycosylated with a glucose; FA esters, where the 3b-OH group is esterified; hydroxycinnamate sterol esters, where the 3b-OH group is esterified to hydroxycinnamic acid; and acylated SGs, where the 3b-OH group is esterified to an acylated glucose (Figure 1 ). The acylated SGs can be converted into SGs in the strongly basic environment used for the transesterification process in biodiesel production [37] .
While plant sterols can be found as free sterols, most are found as sterol esters, SGs and acylated SGs, and the amounts of these compounds vary greatly between different oils and fats [38] . b-sitosterols are typically in the range of 2000-3000 ppm for soybean oil and can be as high as 8000 ppm for rapeseed oil. Corn and rapeseed oils contain large amounts of plant sterols, of which 56-60% is in the form of sterol esters. Soybean, sunflower and palm oils contain 60-75% nonesterified sterols [39, 40] . 
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Incidents of precipitate formation in soybean oil-based biodiesel can frequently be attributed to SGs, while the precipitates from biodiesel of more saturated feedstocks such as cottonseed and palm oils are due to both SG and saturated monoacylglycerides [35, [41] [42] [43] [44] . Oil refining removes significant amounts of sterols from vegetable oils, reducing them to a level of 10 mg/kg [40, 43] , although other researchers have found that the change in sterol levels, due to bleaching and refining, is not significant [39, 40] . If biodiesel producers do not process their oils to food quality standards, then significant amounts of sterol compounds may be carried over into biodiesel [45] .
During transesterification, some of the esterified sterols (i.e., sterol esters, SGs and acylated SGs) in vegetable oils can be hydrolyzed to nonesterified forms or to free sterols [43] . The acylated sterols have high melting points, ranging from 197-310°C, and will crystallize when their concentration is higher than their solubility in biodiesel [44] . The current theory for the problem associated with plant sterols is that, as an unintended consequence of the alkali-catalyzed biodiesel production process, the FA chain from the acylated SG is stripped off and replaced with a hydrogen atom [34, 101] . This creates a molecule referred to as the nonacylated form of the sterol glycoside that is not soluble in biodiesel. Thus, after the fuel has been produced and stored for a few days, especially at lower temperatures, it is found to contain SGs as dispersed fine solid particles. A complicating factor is that these small particles can act as nucleation sites for the crystallization of other compounds, such as saturated mono-and di-acylglycerides and saturated methyl esters. Water may also participate in forming the large particle complexes. These particles can cause the filter plugging described earlier.
Currently, some biodiesel plants perform 'cold filtration' on their fuels [101, 102] . This involves cooling the fuel to 3-5°C for 12-24 h to allow the SGs to crystallize. The fuel is then filtered and warmed before transport. Cold filtration is different than winterization, a common industrial process to selectively extract saturated lipids with the objective of improving cold flow properties. Cold filtration is intended to remove only contaminants, not methyl esters. This is a very time-consuming and expensive process and the overall profitability of the industry would benefit from an alternative.
Determination of plant sterols in biodiesel
There is no requirement for determining plant sterols in either the ASTM or European biodiesel specifications.
Instead, it is controlled by the cold soak filterability test described in ASTM D7501 [6] . Acylated plant sterols or SGs may not initially be identified as a problem at ambient temperatures because of their small concentrations in biodiesel. However, these compounds have very low solubilities in biodiesel. As the temperature is reduced, or after long-term storage, these compounds start to crystallize and precipitate out, causing problems such as filter plugging; however, detecting SGs is challenging. ASTM D7501 is used to collectively identify the presence of substances that would affect engine or vehicle operability using a cold soak filtration test. This method specifies cooling the fuel to 4.5°C for 16 h to allow precipitates to form. The fuel is then heated to 25°C for 2 h and drawn by vacuum through a 0.7-µm glass fiber filter. If the time required to draw 300 ml of fuel through the filter exceeds 360 s, the fuel fails the test [6] .
For quality control or process diagnosis purposes, determination of plant sterols in biodiesel is often a necessity. The most widely used method for total plant sterols (including free, esterified and glycosylated) ana lysis in vegetable oils is an indirect measurement by GC after hydrolyzing the plant sterols to different forms. The plant sterols in the conjugates of FA esters and hydroxycinnamic esters can be hydrolyzed via alkaline hydrolysis (1-2 N KOH or NaOH) to free sterols, whereas the glycosydic linkages in acylated SGs require acid hydrolysis (4-6 N HCl) to form SGs [36] . Vegetable oils generally contain primary sterol FA esters, and alkaline hydrolysis alone is sufficient to cleave all of the conjugated phytosterols. After hydrolysis, all sterol conjugates become free plant sterols, which can be analyzed by GC [46] [47] [48] [49] [50] [51] . It has been observed in practice that the plant sterols in biodiesel exist mainly as free sterols and/or SGs. Free sterols are soluble in biodiesel and, thus, do not contribute significantly to fuel filter-plugging problems. It is the SGs that need to be removed to prevent from plugging the filters; therefore, determining SGs is of interest. The conditions for GC ana lysis include the use of a capillary column (16-30-m long and 0.25-0.3-mm inner diameter), a temperature of 230-360°C with or without varying heating rate, a FID, helium as the carrier gas and a split ratio of 1:15 to 1:20 [39, 40, 52] . The GC-FID method has been considered simple and affordable for analyzing sterols in biodiesel made from various vegetable oils [45, 53] .
The GC method has drawbacks such as tedious sample preparation, requirements for specific internal standards and operational and procedural factors [37] ; therefore, HPLC-based methods have also been explored. HPLC with UV detectors at 254 nm [54] and 205 nm [35] , evaporative light-scattering detectors [35, 37, 55] or fluorescence detectors [56] are applicable to plant sterol ana lysis, but the separation and sensitivity are generally
Key terms
Cold flow properties: Fuel's operability under a low temperature environment. It is determined by the cloud point, pour point and cold filter-plugging point.
Cold soak filterability: A fuel's cold flow property that is determined by the time a fuel takes to pass through a specific filter, according to the procedures set by American Society for Testing and Materials 7501.
considered to be inferior to GC [57, 58] . A combined LC-GC method was claimed to be effective in analyzing free and esterified sterols [45, 59, 60] . Another recent study used a GC-MS-based method for determination of simple pretreated and silylated glucosides in biodiesel via single ion monitoring. The method used a simplified sample preparation to avoid tedious work-up steps and was claimed to be more effective [61] .
Other advanced methodologies have also been explored for effective detection of sterol acylglycerides. Nuclear magnetic resonance (NMR) spectroscopy-MS was found to be a valuable tool for plant sterol identification because of its quick and much-simplified procedures for sample preparation [44, 57] . Duff used matrix-assisted laser desorption/ionization-time of flight-MS to allow direct detection of SG species [62] . The method utilized size exclusion chromatography to separate triacylglycerides from an extract derived from winter canola seed, which allowed the identification and quantification of sitosterol glucoside and campesterol glucoside.
Significance of acidity on biodiesel fuel quality
The acidity of biodiesel has been widely accepted as an important indicator of fuel quality. High acidity in biodiesel creates potential problems in fuel storage and utilization. The acid number, or acid value, reflects the free FAs (FFAs) present in the biodiesel, which are inadvertently carried over from high FFA feedstocks (e.g., used vegetable oils and algal oils), and also possibly the inorganic acid, such as sulfuric acid, which is used as the catalyst in esterifying the high FFA feedstocks. The acidity of biodiesel samples is measured by the acid number (ASTM D664) or acid value (EN14104); both are presented as milligrams of KOH per gram of sample. When biodiesel emerges from the production process, it typically has a very low acid number, since the alkali catalyst used for transesterification usually converts FFAs to soap. However, many plants use weak acid washes to purify their biodiesel to remove residual methanol, free glycerin and soap. The acid can react with the soap to recreate the original FFAs. In addition, so-called 'waterless wash' processes, which use ionexchange resins to purify the fuel, also convert the soap to FFAs, which raise the acid value of the fuel. If the soap level in the crude biodiesel exceeds 2500 ppm, it is virtually impossible for ion-exchange resins to produce fuel that satisfies the acid value specification.
When fuel has been stored for some time, it may degrade, and the acid value can be an indicator of this process. One mechanism is hydrolysis of the methyl esters by water that may be present in the fuel. This process produces FFAs of the same length as those in the original triacylglyceride. Another relevant process is oxidation. When fuel is exposed to oxygen from the air it forms hydroperoxides, which in turn react to shorter chain acids and aldehydes. The acids contribute to a steady rise in the acid value of fuel that is stored without adequate protection from air. While the acids in the fuel can be corrosive to metals and elastomers in the engine, other products of oxidation such as polymers and sediments may be more problematic, as they can cause fuel-filter plugging.
Determination of acid number in biodiesel ASTM D664 is currently the designated method in ASTM D6751 for determining the acid number of biodiesel samples in North America [63] . This method was originally established to determine the acidic constituents in petroleum products and lubricants that are soluble or nearly soluble in mixtures of toluene and 2-propanol. The method covers a wide range of acid numbers from 0.1 to 150-mg KOH/g (test method A of ASTM D664). When used for biodiesel, the range is typically far below 150-mg KOH/g, because ASTM D6751 specifies a 0.5-mg KOH/g maximum acid number in biodiesel. Therefore, test method B of ASTM D664 was developed and is the standard method for biodiesel and biodiesel blends that are low in acidity and slightly different in solubility in the toluene and 2-propanol solvent than petroleum products and lubricants.
The current version of ASTM D664 is a potentiometric titration-based test method and requires an automatic end point detection capability. KOH in 2-propanol solution (0.01 mol/l) is used as the titrant. Appropriate glass electrodes are used to either manually or automatically determine the end points. Biodiesel samples of 5 g are mixed with 50 ml of 2-propanol (iso-propanol alcohol) in 125-ml containers and titrated under constant stirring with the standardized alcoholic KOH solution, and the volumes of titrant are recorded when the end points are registered. The report of acid number in biodiesel and blends has to be at the precision of 0.01-mg KOH/g as specified by test method B of ASTM D664.
ASTM D6751 indicates that ASTM D3242 (standard test method for acidity in aviation turbine fuel [64] ) or ASTM D974 (standard test method for acid and base number by color-indicator titration [65] ) may also be used in the determination of acid number for biodiesel samples; however, ASTM D664 is the referee test method. Moreover, the acid number obtained by ASTM D664 may or may not be numerically the same as that obtained by ASTM D974. In addition, ASTM D664 acknowledges that differences exist when aqueous versus nonaqueous buffers are used.
Prior to 2009, ASTM D664 did not contain a test procedure specifically for determining the acid number in biodiesel. Because the acid numbers in biodiesel are approximately 100-fold lower than the specified upper applicable limit (i.e., 150-mg/g KOH), in practical application of this standard, problems were reported [66] .
Alternatives to ASTM D664 were explored, and ASTM D974 is the most studied test procedure as an alternative to ASTM D664 for acid number determination in biodiesel. ASTM D974 is a colori metric titration to determine the acid number in light-colored, nonaqueous solutions. It uses KOH/2-propanol as the titrant and p-naphtholbenzein as the indicator. Researchers have found that ASTM D974 is a reliable method for the determination of acid number in biodiesel and biodiesel blends [67] , and provides satisfactory accuracy, although the reproducibility appears to be only slightly greater than the repeatability at an acid number of 0.5-mg KOH/g [68] . Meanwhile, when ASTM D974 is used in determining the acid number in biodiesel and biodiesel blends, large repeatability and percentage errors were noticed and modifications (e.g., lowering the titrant concentration from 0.1 to 0.02 mol/l) have to be made to ASTM D974, in order to obtain satisfactory results [67] . Researchers have also attempted to avoid the use of toluene in the titration system and claimed that the method provides comparable results with better precision without toluene [69] . EN14214 requires a similar nonaqueous potentiometric titration procedure (i.e., EN14104), for determining the acid number in biodiesel samples [70] .
Significance of moisture on biodiesel fuel quality Moisture can be a problem in biodiesel due to its tendency to contribute to degradation during storage and because it can cause operability problems and damage to engines. As mentioned earlier, water can cause hydrolysis reactions with the methyl esters in biodiesel and produce FFAs, which increases the acidity of the fuel. If the fuel is stored in conventional aboveground vented storage tanks, the usual diurnal temperature fluctuations can allow moist air to enter the tanks and accumulate as a liquid layer at the bottom of the tank. This moisture may combine with free glycerin and monoacylglycerides if these are also present. There has been some concern that many of the problems attributed to SGs may actually be caused by aggregate structures of water with monoacylglycerides and SGs. These structures may be much more effective at plugging filters than any of these contaminants by themselves.
Determination of moisture in biodiesel
Vegetable oils generally can hold very low moisture. Unless oil initially contains water, such as in the case of waste vegetable oil from frying, the moisture contents in various vegetable oils in contact with the atmosphere have a level of approximately 150-350 ppm [71] . Unlike pure vegetable oils and petrodiesel, biodiesel behaves as a polar mixture, due to the terminal oxygen present in the form of carboxyl groups in alkyl esters. As mentioned earlier, this polar property of biodiesel makes it highly hygroscopic and subject to high moisture absorption and retention if in contact with the ambient atmosphere. Systematic study of the water absorbance and dynamic moisture absorption in biodiesel of different feedstocks revealed that biodiesel can contain 1000-1700 ppm (0.10-0.17% by weight) of moisture in the temperature range of 4-35°C after over 300 h of equilibrium time. By contrast, the moisture content that petrodiesel can hold is only 40-114 ppm in the same temperature range [72] . Other researchers reported 3-5-times lower moisture contents in six commercial biodiesel samples (feedstock origins were not mentioned) after 48-72 h contact time [73] . Water can be introduced by processing, such as transesterification with KOH as a catalyst or by water washing of the biodiesel product to remove impurities [74] . Most producers, if using water washing, follow this process with a vacuum-drying step to reduce the water to a low level (200-300 ppm). Biodiesel may pick up moisture from the atmosphere during storage if proper care is not attempted. Problems may occur in handling, transportation and storage because of the high moisture content in biodiesel. Among the negative consequences of high moisture in biodiesel is microbial growth, which, in turn, leads to fuel-filter plugging and fuel deterioration due to hydrolysis.
Water and sediments in biodiesel are limited collectively to 0.05% volume by centrifuge as specified in ASTM D2709 in the USA [75] . ASTM D2709 is the standard for determining water and sediments in petroleum products and is a proven, effective method.
Petrodiesel is a nonpolar mixture of organic chemicals. It is immiscible with water and the moisture content it can hold is very low. The affinity of water molecules with alkyl ester molecules in biodiesel is much stronger than with those in petrodiesel. This difference appears to cause the centrifuge method to be less effective in measuring moisture content in biodiesel than in petroleum diesel and has produced a need for alternative methods that are more accurate yet effective, especially for use in research activities in the USA. In EN14214 for biodiesel, the water content is determined by ISO 12937, which is based on the coulometric Karl-Fischer (KF) titration method [76] .
KF titration is one of the most accurate methods with a long history for low water level determination in nonaqueous liquid samples. Nowadays, the KF titration is usually conducted automatically in specially design titrators with preprepared solution kits. There are two types of KF titrations -coulometric and volumetric. They use the same basic principle; the difference lies in that coulometric titration requires a separate anode solution, whereas volumetric titration uses the titrant solution as the anode solution [77] . Because of its reliability and capability for determining low moisture content, KF titration has been used as a standard in EN14214 and in biodiesel research activities [72] . It was even used as a tool for an oxidation-stability study of biodiesel samples [78] .
Although a biodiesel sample can be directly injected for measurement, attention has to be paid to its complete miscibility with the KF reagent, which may lead to inconsistent and inaccurate measurement results. Meanwhile, the impurities in biodiesel samples will potentially contaminate the KF reagent after repeated uses, thus leading to the high cost of replacing the KF reagent more frequently. To allow low-level moisture measurements by KF titration, Vicentim et al. developed a technique whereby the moisture is driven off from the biodiesel samples at an elevated temperature in a preheating chamber and carried into the titration chamber by an inert carrier gas [79] . It was found that the sample size, temperature of preheating chamber and flow rate of carrier gas were the most influential parameters that affect the accuracy in coulometric KF titration for low-moisture determination in soybean oil-based biodiesel [79, 80] .
Direct measurement of moisture content in biodiesel was also developed using FTIR spectroscopy. FTIR is an effective technique in obtaining technical information quickly and has been developed and evaluated for water determination, such as in edible oils [81] . To quantify the information obtained with reliability, FTIR requires adequate experimental data for calibration. Once established, the FTIR method can be a very quick and handy means for biodiesel quality control, although the cost and operating complexity of the instrument may keep some users away. According to Mirghani et al., significant water absorbance was found at the wavelength ranges of 3700-3075 cm -1 and 1700-1500 cm -1 in determining moisture in biodiesel using the FTIR method [82] . Compared with the standard AOCS vacuum oven method (Ca 2d-25) and the International Union of Pure and Applied Chemistry distillation method (method 2.602) for determining moisture content in vegetable oils and animal fats, the FTIR method has a similar accuracy in detecting moisture in biodiesel. However, its applicability and reliability require further validation before the FTIR spectroscopy can be adopted by the biodiesel industry for use to detect moisture in biodiesel of different origin.
Near infrared (NIR) spectroscopy has also been applied to determining the moisture in biodiesel due to its quick and handy features. Similar to FTIR, NIR requires adequate experimental data for calibration and validation. It was found that the reliability of NIR spectroscopy for determining moisture in biodiesel largely relies on the calibration model development techniques [83] . To measure moisture in biodiesel using NIR with satisfactory accuracy, sophisticated computerized programs must be employed [84] .
Future perspective
Looking to the future, the US Renewable Fuel Standard mandates that production of biomassbased diesel will reach 1 billion gallons of fuel per year in 2012; most of this will be biodiesel. Beyond this, biodiesel from most feedstocks can qualify as an advanced noncellulosic biofuel and demand for this fuel category will grow to 5 billion gallons by 2022. To meet the future demand for biodiesel, it is likely that new types of oilseeds such as camelina, pennycress and mustard will be utilized. In addition, recovered oil from currently underutilized sources such as trap grease and black liquor from paper production will be developed. These new sources are likely to involve new contaminants that will need to be identified, assessed for their significance, and potentially controlled through more stringent specifications. Monoacylglycerides from saturated FAs and SGs are two classes of compounds that are likely to become regulated if satisfactory measurement techniques can be found. Ongoing concerns for fuel quality and the need to protect consumers have created a need for fuel quality sensors that can detect fuel contaminants either at the retail dispenser or actually on-board the vehicle. On-vehicle sensors could be integrated with the existing on-board diagnostics system to provide operator warnings or potentially corrective actions. These sensors are likely to be optically based or use other physical properties such as dielectric effects, and could result from current attempts to use these methods for laboratory measurements. 
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Executive summary
Residual glycerin & acylglycerides
Residual glycerin and acylglycerides are significant for biodiesel fuel quality, and accurate determination of such residues by following appropriate standard and validated methods is important.
Contaminants in biodiesel are responsible for fuel degradation during storage and operational problems, such as fuel-system corrosion and fuel-filter plugging.
Plant sterols
Plant sterols can affect biodiesel fuel quality considerably. Determination of plant sterols in biodiesel can be very challenging because of low concentrations.
Sterol glucosides are not directly regulated by current standards but have been found in residues collected from plugged fuel filters. These compounds are currently removed by a low temperature filtration test.
Acid number
High level of acidity in biodiesel, commonly expressed by acid number (also known as acid value) is an indicator of less superior quality fuel.
The acid number characterizes free fatty acid contamination and limits the risk due to metal and elastomer corrosion. The acid number also serves as an indication of fuel degradation resulting in sediment and varnish formation. Determination of acid number in biodiesel requires following the proper analytical procedures carefully.
Water in biodiesel
Significance of moisture on biodiesel fuel quality lies on its tendency to contribute to degradation during storage and its potential to cause operability problems and damage to engines.
Moisture and partial reaction products such as mono-and di-acylglycerides are currently controlled by limits within international standards, such as American Society for Testing and Materials D6751 and EN14214.
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